Rationale Variability in the rate of nicotine metabolism, measured by the nicotine metabolite ratio (NMR), is associated with smoking behavior. However, data linking the NMR with nicotine dependence measured by the Fagerström test for nicotine dependence (FTND) are mixed. Few past studies have examined alternative measures of nicotine dependence and how this relationship may vary by sex and race. Objective Using data from smokers undergoing eligibility evaluation for a smoking cessation clinical trial (n=833), this study examined variability in the relationship between NMR and nicotine dependence across sex and race and using three measures of nicotine dependence: FTND, time-to-first-cigarette (TTFC), and the heaviness of smoking index (HSI).
Introduction
Over the past several years, there has been growing interest in the potential influence of individual variability in the rate of nicotine metabolism, measured by the nicotine metabolite ratio (NMR), on a range of smoking phenotypes including rate of smoking, smoking topography (e.g., number of puffs/ cigarette), symptoms of craving and withdrawal, and the ability to quit smoking (Ray et al. 2009; West et al. 2011) . Nicotine is metabolized into 3-hydroxycotinine (3-HC), which is then metabolized into cotinine exclusively by CYP2A6 (Nakajima et al. 1996; Dempsey et al. 2004 ). The NMR is the ratio between these two metabolites of nicotine (3-HC/COT). The NMR reflects CYP2A6 activity including genetic and environmental influences and is associated with CYP2A6 genotype in all ethnicities studied (Lea et al. 2006; Ho et al. 2009 ). NMR is a validated surrogate measure of total nicotine clearance, supported by the high correlation with nicotine clearance (Dempsey et al. 2004 ), due to the large role which CYP2A6 plays in the clearance of nicotine. The NMR is stable over time and independent of the duration since last cigarette, due to the long half-life for cotinine, and at steady state (i.e., in smokers), 3-HC is formation-dependent (St. Helen et al. 2012) . Emerging from this literature is the growing possibility of using the NMR to personalize smoking cessation treatment selection and improve treatment response (Ray et al. 2009; Bough et al. 2013; Schnoll and Leone 2011) . However, a somewhat surprising result thus far concerns the lack of relationship found in past studies concerning the association between the NMR and measures of nicotine dependence. As described by West et al. (2011) , more than a half-dozen studies have failed to show a significant relationship between the NMR and nicotine dependence measured by the Fagerström Test for Nicotine Dependence (FTND), 1 or its derivatives. One potential interpretation of these results is that self-report measures of nicotine dependence and the NMR are unrelated, possibly representing divergent aspects of tobacco use and addiction.
Alternatively, these results may be due to the methodological approach taken in previous studies to evaluate this relationship. First, the vast majority of studies in this area have used the total FTND score to measure nicotine dependence. A recent study (Schnoll et al. 2013) found substantial variability in the prevalence of nicotine dependence (23-64 %) and in predictors of nicotine dependence depending on whether the FTND was used to define nicotine dependence vs. two component measures of the FTND: the heaviness of smoking index (HSI; Kozlowski et al. 1994; 1981) and the time-tofirst-cigarette (TTFC; Baker et al. 2007 ). Perhaps the relationship between nicotine dependence and the NMR varies depending upon the measure used to define nicotine dependence. Second, to the best of our knowledge, no study has examined whether sex or race moderate the relationship between the NMR and self-reported nicotine dependence. Several studies have reported that sex and race are associated with the NMR, with women vs. men and Caucasians vs. African Americans, having faster rates of nicotine metabolism Kandel et al. 2007 ). Further, although the strength of the associations have been modest, being male and Caucasian increases the risk for higher nicotine dependence when each of these self-report measures of nicotine dependence is used (Schnoll et al. 2013) . Consequently, it is plausible that assessing the relationship between NMR and nicotine dependence requires analyses that consider these factors in prediction models.
Using a large sample of smokers undergoing eligibility screening for a smoking cessation clinical trial, this study examined the relationship between the NMR and three measures of nicotine dependence, the FTND, HSI, and TTFC, and evaluated the association between the NMR and these measures of nicotine dependence across sex and race. A more detailed assessment of this relationship may help to better understand the nature of the association between nicotine metabolism and nicotine dependence and guide future studies in this area.
Methods
Data for this study were ascertained from intake/eligibility assessments conducted with smokers who were considering enrollment into an ongoing placebo-controlled, randomized clinical trial evaluating varenicline and transdermal nicotine for treating nicotine dependence, expected to be completed in 2014 (ClinicalTrials.gov identifier: NCT01314001).
Procedures
Prospective participants responded to an advertisement for a free smoking cessation clinical trial. Potential subjects received a brief description of the trial and basic eligibility criteria were evaluated. Eligibility criteria for the trial, and for these analyses, were as follows: self-reported smoking of at least 10 cigarettes/day, a breath carbon monoxide value of >10 ppm, age 18-65, interested in quitting smoking, absence of substance abuse or dependence, no current use of contraindicated medication including any smoking cessation medications, no medical contraindication (e.g., allergy to latex, uncontrolled hypertension), no history of a psychotic or bipolar disorder and no history of major depression in the past 6 months, no history of a suicide attempt, and a willingness to reside in the area for at least the next 12 months.
Those who were considered eligible during the phone screen were asked to attend an orientation session where they would learn more about the clinical trial and provide informed consent. If interested in proceeding, participants were scheduled to attend an in-person eligibility session that involved the collection of the blood sample (to determine NMR), the completion of smoking history and demographic measures, and the confirmation of study eligibility including a urine drug and pregnancy (for women) test, a medical history and brief physical exam, and a psychiatric evaluation using the Mini International Neuropsychiatric Interview (MINI; Sheehan et al. 1998) . All recruitment and screening procedures were standardized across the clinical trial sites and approved by the respective site Institutional Review Boards. The NMR, demographic, and smoking history data ascertained at this intake session and among participants who were considered eligible at this intake session were used for the present analyses.
Measures
A survey used in past clinical trials (Patterson et al. 2008) collected basic participant demographic (e.g., age, sex, race, education) and smoking history (e.g., number of cigarettes smoked per day, age started smoking) information. The FTND (Heatherton et al. 1991 ) was also administered to determine level of nicotine dependence. The FTND, a six-item, selfreport measure, is a widely used scale for assessing level of nicotine dependence (Pérez-Ríos et al. 2009 ). A total score out of ten is compiled by summing the six items to reflect a higher level of nicotine dependence with higher total scale values. A cut-off of ≥5 on the FTND reflects high nicotine dependence (Schnoll et al. 2013) . The TTFC and the HSI can be computed from individual items on the FTND (Baker et al. 2007; Garvey et al. 2000) . For the TTFC, respondents indicate whether they smoke: within 5 min of waking, between 6 and 30 min of waking, between 31 and 60 min of waking, or greater than 60 min after waking, for which they are given a score of 0 (smoking more than 60 min after waking) to 3 (smoking within 5 min). A binary score can also be ascertained for the TTFC with a response of smoking the first cigarette of the day within 5 min of waking representing high nicotine dependence (Baker et al. 2007 ). For the HSI (computed by summing TTFC and the FTND item concerning cigarettes/day), respondents can receive a score from 0 to 6 and a binary score of ≥4 out of a possible 6 represents nicotine dependence (Garvey et al. 2000; Schnoll et al. 2013) .
To identify the NMR, blood samples (10 ml) collected at the in-person eligibility visit were frozen until cotinine and 3′-hydroxycotinine were assessed by liquid chromatographytandem mass spectrometry (LC-MS) by the Tyndale Laboratory (St. Helens et al. 2013 ). The limit of quantification was 1.0 ng/ml for both compounds. In addition to the continuous measure of the NMR, based on previous studies, participants were categorized in terms of NMR quartiles (i.e., lowest quartile equals slowest nicotine metabolism, vs. highest quartile equals fastest nicotine metabolism) and used a cut-off of >0.26 to differentiate normal (faster) metabolizers of nicotine from slow metabolizers of nicotine Patterson et al. 2008 ).
Statistical analysis
Sample characteristics were examined using descriptive statistics. Given the non-normal distribution of the NMR, it was log-transformed for analyses as usual for this and other metabolic ratios (Johnstone et al. 2006; Kandel et al. 2007; ). T-tests examined differences in NMR across sex and race. The distribution of NMR quartiles, and the distribution of slow vs. normal metabolizers using the 0.26 cut-off, across sex and race was analyzed using Chi-square. t-tests were used to examine differences across sex and race in terms of FTND and HSI while ordinal logistic regression was used for TTFC. Chi-square was used to examine these relationships using cut-offs for the measures of high nicotine dependence (e.g., TTFC ≤5 min).
Following previous studies (e.g., Rubinstein et al. 2012) , the relationship between the NMR and measures of nicotine dependence was assessed using linear regression. Models were examined using only the NMR as a predictor of the respective measure of nicotine dependence and then with sex and race included in models. Linear regression models were also examined for each measure of nicotine dependence including the main effects for NMR, sex, and race, and interaction terms. The raw scale for each measure of nicotine dependence was used for these analyses (e.g., 0-10 for FTND, 0-3 for TTFC, and 0-6 for HSI).
Lastly, using the categorical definition for NMR (i.e., >0.26 for normal metabolizers) and categorical definitions of high nicotine dependence for each measure (i.e., TTFC≤5 min, HSI≥4, and FTND≥5), chi-square analyses examined the relationship between nicotine metabolism and nicotine dependence. These analyses were performed for the entire sample and then separately for males vs. females and Caucasians vs. African Americans. Sex and race were not significantly related (p>0.05), indicating that results concerning one variable were not confounded by the other. Finally, using these categorical definitions for NMR and high nicotine dependence for each measure, logistic regression examined the main effects of NMR, sex, and race and interaction effects as predictors of each measure of nicotine dependence.
The present sample (N= 833) provided 80 % power (α=0.05) to detect an effect size (Cohen's d) of 0.1 or a correlation of≤0.1, indicating that the study was powered to detect relatively small effects.
Results

Sample characteristics
Telephone screens were completed on 5,835 individuals; 3,087 (53 %) of those phone screened were eligible and 2,879 (93 %) of those eligible scheduled an orientation; 1,426 individuals attended orientation (50 %) and 1,202 individuals (84 %) attended the intake session; 897 individuals (75 %) were considered eligible at the intake session and were assessed for NMR. The present analyses were conducted with 833 of these individuals who self-identified as Caucasian or African American (93 %; since the numbers for the other racial/ethnic groups were extremely small).
Descriptive data on the sample are shown in Table 1 . On average, participants were 46.0 years old (SD=10.7 years). About 48 % of the sample was female and about two thirds of the sample was Caucasian. The average NMR was 0.39 (SD=0.21) with 28 % of the sample being classified as slow metabolizers and 72 % as normal metabolizers. On average, participants reported smoking 18.7 cigarettes/day (SD=8.5), started smoking at about 16 years of age (SD=4.3), and reported a mean FTND of 5.3 (SD=2.0), a mean HSI of 3.4 (SD=1.2), and a mean TTFC of 2.2 (SD=0.84). Based on scale cut-offs, the rate of high nicotine dependence in the sample was: 68.8 % for the FTND, 45.5 % for the HSI, and 38 % for the TTFC. All three measures of nicotine dependence were correlated (r=0.75-0.84) but were non-normally distributed in terms of skewness and kurtosis. However, tests of the proportional odds assumption were non-significant (p>0.05), indicating that the NMR predicted uniformly across all categories and was a good predictor for ordered categories. 
Association between nicotine metabolism and nicotine dependence
Separate linear regression models assessing the relationship between the log NMR and each indicator of nicotine dependence indicated that nicotine metabolism was not associated with the FTND (β=0.01; 95 % CI −0.21-0.23, p=0.94) or TTFC (β=0.03; 95 % CI −0.06-0.13, p=0.49), but it was associated with the HSI (β= 0.16; 95 % CI .03-0.30, p=0.014).
2 When sex and race were included in the models, NMR was still not associated with FTND (β=0.01; 95 % CI −0.22-0.24, p=0.92) or TTFC (β=0.07; 95 % CI −0.03-0.17, p=0.16), but the significant association with HSI remained (β=0.16; 95 % CI .02-0.27, p=0.024). As shown in Table 2 , normal metabolizers of nicotine were more likely to have high nicotine dependence measured by the HSI than slow nicotine metabolizers (48 % vs. 40 %; χ
2
[1]=4.64, p=0.03). The linear regression models, which included terms for main and interaction effects, indicated no significant interactions between NMR and sex or race for any measure of nicotine dependence (p values>0.05). Table 2 shows the relationship between NMR and nicotine dependence using categorical cut-offs for the measures, overall and across race and sex. For men, there was a significant relationship between NMR and nicotine dependence for both the FTND and the HSI, but not for TTFC. Male normal metabolizers of nicotine were more likely to show high nicotine dependence than male slow metabolizers of nicotine using the FTND (70 % vs. 59 %; χ
[1]=5.24, p=0.02) and the HSI (49 % vs. 34 %; χ 2 [1]=8.42, p=0.004). In contrast, for women, the NMR was not associated with nicotine dependence for any of the three measures. Lastly, for Caucasians, the NMR was not associated with nicotine dependence for any of the three measures. For African Americans, normal metabolizers of nicotine were more likely to exhibit high nicotine dependence than slow metabolizers of nicotine, but only when nicotine dependence was defined using the TTFC (53 % vs. 42 %; χ
[1]=3.98, p=0.05). Logistic regression models that included main and interaction effects for NMR, sex, and race were consistent with these results. In the model predicting high nicotine dependence based on the FTND, the main effect for sex (OR=2.11, 95 % CI 1.18-3.77, p=0.01) and the sex by NMR interaction effect (OR=0.45, 95 % CI 0.23-0.89, p=0.02) were significant. Likewise, in the model predicting high nicotine dependence based on the HSI, the main effect for sex (OR=1.77, 95 % CI 1.04-3.03, p=0.04) and the sex by NMR interaction effect (OR=0.52, 95 % CI 0.28-0.97, p=0.04) were significant.
Post hoc assessment using the FTND measure of cigarettes per day
Since the difference between the TTFC and HSI is the inclusion of the FTND item assessing cigarettes per day (FTND CPD; i.e., ≤10, (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) ≥31) , additional analyses were conducted. An ordinal logistic regression, predicting the FTND CPD item with log NMR was significant (OR=0.25; 95 % CI 0.01-0.50, p=0.04), even when including sex and race in the model. There were no significant log NMR interactions with sex and race (p values > .05), but main effects for sex (OR=−0.43; 95 % CI −0.72 to −0.15, p=0.003) and race (OR=1.01; 95 % CI 0.73-1.40, p<0.001) were detected. Men and Caucasians reported smoking significantly more cigarettes per day (based on the FTND CPD item), than women and African Americans (see Table 1 ). When using the binary measure for nicotine metabolism, NMR was associated with the FTND CPD item (χ 2
[3]=13.3, p=0.004) and this relationship was evident for men and Caucasians (p values < 0.02). However, there were no main or interaction effects found when these relationships were assessed in a multiple regression.
Discussion
The present study sought to examine whether the lack of relationship between nicotine metabolism, represented by the NMR, and nicotine dependence, measured by the FTND, reported in numerous previous studies could be attributable to a lack of consideration for the potential influence of sex and race and the common use of the FTND to define nicotine dependence. The results suggest that, in part, methodological and demographic issues may play a role in explaining past findings concerning the NMR and nicotine dependence. In particular, the results indicate that this relationship may be detected when nicotine dependence is defined by the HSI, overall, and that this relationship may be more robust in men. While West et al. (2011) suggested that the FTND reflects more of the behavioral aspects of tobacco use and addiction, whereas the NMR represents both behavioral and physiological aspects of tobacco use and addiction, the present results suggest an association when the HSI is used and categorical definitions for dependence and metabolism are utilized. However, post hoc analyses for the FTND CPD item indicate that the NMR may also be considered an indicator of smoking rate, rather than as a broad measure of nicotine dependence.
The present study replicated past findings concerning the relationship between sex, race, and nicotine metabolism (e.g., Kandel et al. 2007) . With regard to sex, the increased nicotine metabolism among women is likely attributable to sex hormones, with past studies showing that women using oral contraceptives show higher rates of nicotine metabolism than women who are not taking oral contraceptives . 3 With regard to race, as with past studies (e.g., Kandel et al. 2007; St. Helen et al. 2012) , Caucasians were more likely to be normal metabolizers of nicotine, compared to African Americans. These findings are consistent with previous studies showing that the frequency of CYP2A6 alleles, which influence variability in nicotine metabolism, vary across racial/ethnic groups (Binnington et al. 2012; Nakajima et al. 2006) . Likewise, the present study showed that women and African Americans report higher levels of nicotine dependence, however this result was confined to the use of the TTFC measure of nicotine dependence. This result is consistent with studies concerning race (Hu et al. 2006; Schnoll et al. 2013 ) and sex (Goodwin et al. 2011; Schnoll et al. 2013 ) and further highlight the need to consider these characteristics in studies concerning nicotine dependence.
The assessment of the relationship between the NMR and measures of nicotine dependence, without consideration of race or sex, in the linear regression models, showed that these phenotypes were associated only when the HSI was used. Like many previous studies (e.g., Benowitz et al. 2003; Johnstone et al. 2006 ), the present study found no relationship between the NMR and nicotine dependence when measured by the FTND. Likewise, TTFC was not associated with the NMR. However, normal metabolizers of nicotine were more likely to have high nicotine dependence vs. slow metabolizers of nicotine when the HSI was used in linear and logistic regression models and in association analyses. This measure of nicotine dependence, which comprises smoking rate and TTFC, may be the measure that reflects the dimension of nicotine dependence that most highly converges with variability in the rate of nicotine metabolism. Interestingly, the HSI was previously found to be the optimal measure of nicotine dependence since it more accurately determined nicotine dependence than the TTFC (Schnoll et al. 2013) . Relative to the FTND, the HSI may be more sensitive to an association with NMR since it excludes items that, given evolving public policy, have become less predictive of smoking behavior (e.g., smoking bans in public places). Likewise, the inclusion of smoking rate by the HSI may enhance the predictive value of this measure relative to TTFC. Yet, it is worth emphasizing that the post hoc analyses concerning the CPD measure suggests that the NMR may simply be more reflective of smoking rate, rather than broader indices of nicotine dependence considered, including the HSI and the TTFC. Past studies have reported the significant association between NMR and smoking rate (Lerman et al. 2006; ) so it is also plausible that null findings concerning the NMR nicotine dependence link are attributable to the lack of consideration of smoking rate within the measure of nicotine dependence.
Nevertheless, sex and race may need to be considered when assessing the relationship between the rate of nicotine metabolism and level of nicotine dependence (differences were noted even with the FTND CPD measure). In the association analysis and the regression models using categorical definitions for nicotine metabolism and nicotine dependence, significant sex by NMR interaction effects were found for both the FTND and the HSI. Among men, normal metabolizers of nicotine were more likely to have high nicotine dependence when using the FTND and the HSI (perhaps excluding cigarettes per day from the TTFC leads to a lack of association). In contrast, among women, regardless of the measure of nicotine dependence used, the NMR was not associated with nicotine dependence. These findings would suggest that, for men, nicotine metabolism and nicotine dependence represent a converging dimension of tobacco use and dependence but, for women, nicotine metabolism and nicotine dependence represent divergent aspects of tobacco use. Such sex differences speak to the issues of non-nicotine factors being more relevant to women than men in assessing nicotine dependence and are consistent with studies that have documented differences between men and women with regard to the self-reported reasons for smoking, the reinforcing qualities of smoking, responses to nicotine dependence treatments (including cessation, side effects, and adherence), responsiveness to smoking cues, and how genetic factors influence response to pharmacotherapies for nicotine dependence Perkins 2001 Perkins , 2009 ). For race, there was some indication that nicotine metabolism is associated with nicotine dependence (measured by the TTFC) for African Americans but not for Caucasians. However, the race × NMR terms within the regression models were not significant. On the one hand, these results suggest that race may influence the relationship between nicotine metabolism and nicotine dependence. But, on the other hand, in the present sample of relatively heavier smokers (≥10 cigarettes/day), these aspects of tobacco use and addiction may play similar roles for both racial groups. Additional research, especially with a more representative sample of African American smokers (since many are light smokers), is needed to more fully assess the role of race in this context.
Our findings should be considered in the context of limitations, including the use of self-report data for measures of nicotine dependence, the correlational analyses, the inclusion of treatment-seeking smokers, and the exclusion of other racial/ethnic groups. Further, given that the data were ascertained from a clinical trial with inclusion/exclusion criteria (e.g., currently smoking ≥10 cigarettes/day), especially exclusions related to the possible use of varenicline (e.g., about 18 % of those screened were considered ineligible due to psychiatric co-morbidity), the generalizability of our findings may be limited. This may be particularly relevant concerning race since a relatively large proportion of African Americans are light smokers (i.e., report smoking < 10 cigarettes/day; Trinidad et al. 2009 ). Further, this study was restricted to examining three measures of nicotine dependence, and thus, it is unclear how using additional multifactorial measures of nicotine dependence would influence the results and conclusions. Utilizing a sample from a clinical trial may also have yielded distributions for the measures of nicotine dependence that were non-normal, which can influence the results from the regression analyses. The present analyses should be repeated in a sample comprised of the general population of smokers so that measures used to define nicotine dependence will be more normally distributed (e.g., no cut-off for CPD). It is also worth mentioning that certain analyses used cut-offs based on convention or single studies and that these cut-offs may not represent the most ideal for differentiating nicotine dependence and nicotine metabolism. Lastly, a limitation of the approach taken is the possibility of type 1 error due to multiple testing. A Bonferonni correction would have reduced alpha to 0.03, in which case certain models would not be statistically significant.
Nonetheless, the results of the present study suggest that a more complete understanding of the relationship between nicotine metabolism and nicotine dependence may require consideration of sex, race, and the measure used to define level of nicotine dependence. The HSI may be the most sensitive measure to detect this relationship, overall, and this relationship may be more robust in men. Yet, this finding does not necessarily indicate that the HSI is a superior measure of nicotine dependence, which is a complex construct that may be assessed using a broad range of criteria. Indeed, it is notable that smoking rate, as measured by the FTND CPD item, was likewise associated with NMR, and this finding suggests that the NMR may be associated primarily with this smoking phenotype rather than with broader measures of nicotine dependence. The overlap in variance between the NMR and the FTND CPD item, nevertheless, was relatively modest (~2 %). Thus, while previous studies have shown the NMR to be predictive of cessation in men and women and in Caucasians and African Americans (e.g., Lerman et al. 2006; Ho et al. 2009; ), the ongoing prospective cessation trial from which the present data were ascertained will allow for further exploratory analyses of the predictive validity of the NMR for determining treatment response among specific subgroups of smokers. Thus, overall, the present findings help to broaden our understanding of the NMR and may help guide future research concerning nicotine metabolism and measures of nicotine dependence.
